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LASER APPARATUS FOR GENERATING A VISIBLE LASER BEAM 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application is the US national phase of PCT 
application PCT/IB2004/001197 filed 21 April 2004 with a claim to 
s the priority of Italian patent application TO2003A000317 itself 
filed 23 April 2003, whose entire disclosures are herewith 
incorporated by reference. 

FIELD OF THE INVENTION 
The present invention relates to a diode -pumped laser 
10 apparatus for generating a visible power beam, of the type 
comprising: 

a miniaturized linear laser cavity with very low 

losses; 

a plurality of reflectors, highly reflecting at a 
is fundamental wavelength, at least one of the reflector being 
traversed by a pumping beam, at least one of the reflector 
reflecting at the fundamental wavelength and at the second 
harmonic wavelength and at least one of the reflectors being 
highly transmissive at the second harmonic of the fundamental 
20 wavelength; 

an active material with polarized emission and with a 
gain configuration with small thermal aberration for the cavity 
mode, the active material being able to generate laser light at a 
fundamental wavelength; and 
25 a nonlinear crystal within the cavity. 
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BACKGROUND OF THE INVENTION 
It is well known that the most efficient method to 
obtain laser light at visible wavelengths with high power and 
spatial quality of the beam consists of applying frequency 
s duplication techniques within the laser cavity of an infrared 

laser beam, of the type generated for example by active Nd 3+ ions 
diffused in an appropriate crystal matrix. In particular, the 
use of laser materials such as Nd 3+ : Y 3 A1 5 0 12 (Nd: YAG) and 
appropriate nonlinear crystals allows to obtain, by frequency 

10 duplication processes, wavelengths around 0.48 mm (blue), 0.53 mm 
(green) , 0.56 mm (yellow) , 0.66 mm and 0.7 mm (red) , with medium 
range powers and very high electrical-optical conversion 
efficiencies, if compared with the respective values relating to 
gas laser sources such as Kr, Ar, HeCd etc. 

15 The recent introduction of pumping with semiconductor 

laser diodes has considerably increased the overall efficiency of 
the solid-state systems. 

Since the efficiency of a second harmonic conversion 
process depends, roughly, on the square of the intensity of the 

20 generating beam, great advantage is obtained from placing a 
nonlinear crystal, that mediates the frequency conversion 
process, within the infrared laser cavity. The intra-cavity 
frequency duplication technique, known as ICSHG (Intracavity 
Second Harmonic Generation) , was proposed in the early Sixties 

25 and, since then, it has been used in numerous devices. 
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The most efficient solid-state laser systems with ICSHG 
currently available on the market emit green radiation with power 
levels of several Watts , are diode pumped and mainly use the 
active material Nd 3+ : YV0 4 at the fundamental wavelength of 
s 1064 nm. The publication Magni et al Opt. Lett 18, 2111, 1993 
discloses the use of a cavity with a length of a few tens of cm 
to limit the noisiness of the conversion process, which is thus 
characterized by considerable diffractive losses. 

To contrast the effect of the linear losses of the 

10 resonant cavity, which tend to reduce the infrared power 

circulating in the cavity, the use is known of an active material 
with very high gain, such as Nd 3+ : YV0 4 . Moreover, the 
efficiency of the frequency conversion process is high thanks to 
the strong focusing of the infrared beam at a wavelength of 1064 

is nm in a nonlinear crystal of LiB 3 0 5 (Lithium Triborate, known as 

LBO) ; since, usually, the physical process of tuning the 
propagation velocity of the infrared and visible beams in the 
nonlinear crystal, which allows the efficient conversion, called 
phase matching, is highly sensitive to the angle of incidence of 

20 the beam on the nonlinear crystal and to the angular distribution 
of the beam, such a marked focusing is possible only using 
so-called non critical phase matching, i.e. not sensitive to the 
angular distribution of the beam to be duplicated, condition that 
is reached by heating the LBO crystal to the approximate 

25 temperature of 160 °C for the duplication process from a 
wavelength of 1064 to 532 nm. 
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Clearly, a system thus obtained, though highly 
efficient, does have a number of intrinsic limitations. 

Prior-art solutions achieve optimal performance using 
laser cavities of considerable dimensions, which are ill suited 
s to integration in systems requiring small component size (e.g. 
aerospace applications) . 

Use of a nonlinear crystal in non critical phase 
matching requires the presence of a heating element that is bulky 
and energetically disadvantageous as well as penalizing in terms 
10 of reliability because of the heating/cooling cycle undergone by 
the nonlinear crystal when the system is powered on and off. 

Moreover, prior-art solutions do not allow to generate 
the wavelengths of primary interest with high efficiency from a 
same structure of the laser apparatus. In particular, diode- 
is pumped solid-state laser sources, able to provide blue or red 
light with powers exceeding one Watt are not available on the 
market, with the exception of complex Mode Locking sources, nor 
are available, above all, laser sources having a common cavity 
structure for all wavelengths. 
20 Additionally, prior-art embodiments of solid-state 

laser systems with ICSHG are characterized by a considerable 
set-up complexity and are highly sensitive to variations in 
parameters such as resonator alignment, room temperature, pump 
power . 

25 OBJECT OF THE INVENTION 
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The object of the present invention is to provide a 
solution that allows to produce laser beams at visible wavelength 
with power in the order of, or exceeding, one Watt, and with high 
spatial quality of the beam. 
5 SUMMARY OF THE INVENTION 

According to the present invention, the object is 
achieved by an apparatus for producing a visible laser beam, 
obtained by frequency duplication in the cavity of an infrared 
laser generated by a diode-pumped solid-state discrete element 
10 laser, functionally based on the combined use of a miniaturized 
cavity structure, of an active material with polarized emission, 
such as Nd: GdV0 4 or Nd : YLF or Nd: YV0 4 , with small thermal 
aberration gain configuration for the cavity mode, of the 
nonlinear crystal LiB 3 0 s (or YCOB or GdCOB) in type I critical 
15 phase matching, and a thermos tatting system for 

regulating/ removing the heat of the entire cavity. 

BRIEF DESCRIPTION OF THE DRAWING 
Additional aims, characteristics and advantages of the 
present invention shall become readily apparent from the detailed 
20 description that follows and from the accompanying drawings , 

provided purely by way of explanatory and non limiting example, 
in which: 

FIG. 1 is a schematic view of the laser apparatus 
according to the invention, projected on the polarization plane p 
25 of the cavity radiation; 
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FIG. 2 shows the values of the thermal aberration of 
three laser materials usable in the laser apparatus of FIG. 1, 
with variations in absorbed pumping power; 

FIG. 3 shows the value of the thermal focal length of 
s three laser materials usable in the laser apparatus of FIG. 1, 
with variations in absorbed pumping power; 

FIG. 4 shows the values of the thermal aberration 
losses of the laser material Nd : GVO, with variations in doping, 
in single and double step pumping scheme; 
10 FIG. 5 shows the values of the thermal focal length of 

the laser material Nd : GVO with variations in doping, in single 
and double step pumping scheme; 

FIG. 6 shows the typical dependence of thermal 
aberration diffraction losses on the overlapping ratio between 
15 the pump beam and the laser beam. 

SPECIFIC DESCRIPTION 
The inventive idea substantially is based on the use of 
a cavity structure and of optical elements that minimize the 
optical losses of the resonator at the infrared wavelength and 
20 allow it to operate at very high efficiency, and on performance 
stabilization thanks to the thermal control of the system; the 
infrared wavelength constitutes the so-called fundamental 
wavelength, in relation to the "second harmonic" wavelength in 
the visible range, which is obtained in the ICSHG process. As 
25 shall be shown in the following, this provides high efficiency of 
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the ICSHG process without adding any additional complexity to the 
system. 

Knowing the mathematical models that describe the ICSHG 
phenomenon, one can observe that the efficiency of the conversion 
s process closely and strongly depends on the percentage of losses 
of the laser cavity at the fundamental infrared operation 
wavelength. The term "optical losses" means the percentage of 
power circulating at the fundamental wavelength which is 
dispersed in one cavity pass; the value does not include the 

10 percentage of circulating power converted into second harmonic, 
the losses compete with the ICSHG process itself in the 
extraction of power from the cavity; in a typical cavity with a 
length of a few tens of cm, the percentage of circulating 
infrared power converted into second harmonic is often in the 

is same order of magnitude as the percentage that is dispersed due 
to the diffraction losses of the cavity itself. If optical loss 
phenomena deprive the resonator of circulating power, then the 
power is no longer available for the second harmonic generation 
process; the proposed solution therefore provides for the laser 

20 system has no losses for the fundamental frequency, and couples 
only the second harmonic generated with the exterior. 

Infrared losses depend mainly on a number of 
concomitant factors , on the attenuation whereof is centered the 
basic concept of the apparatus of the invention: 

25 imperfect reflectivity of the cavity mirrors , and 

imperfect transmission of the optical elements 
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within the cavity (for example dielectric 

an tiref lection coatings of the laser crystal and 

of the nonlinear crystal) ; 
imperfect transparency of the laser crystal and of the 
s nonlinear crystal at the fundamental and at the 

second harmonic wavelength; 
diffraction losses of the laser resonator; 
non polarized emission of the active medium; 
thermal aberration losses induced by pumping, in the 
10 propagation of the laser mode through the active 

medium ; and 

any losses in propagation through the active medium, 
due to parasitic phenomena (e.g. excited state absorption) . 

The device according to the invention comprises a 
15 miniaturized cavity structure, comprising crystals and 

thermostating means which allow to minimize infrared losses and 
maximum the optical efficiency of the system operating the ICSHG, 
whilst entailing the desired flexibility in the generation of 
different wavelength, and the compactness, simplicity, robustness 
20 and energy efficiency of the laser head. 

FIG. 1 shows a schematic diagram of a laser apparatus 
71 according to the invention. 

device 71 substantially comprises a laser cavity 72, on which 
impinges a pumping beam 54 generated by an external source 73. 
25 In the laser cavity 72 or resonator the pumping beam 54 

initially meets a pumping mirror 30 provided with a face 32 , 
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transparent to pumping, and with a face 31 reflecting towards the 
interior of the cavity 72, then meets a first face 11 of an 
active crystal 10. In the active crystal 10 the pumping beam 54 
generates a laser beam 52 at fundamental wavelength which 
s projects from a second face 12 of the active crystal 10 and 

impacts on a deflecting dichroic mirror 33 which reflects the 
beam 52 towards the interior of the cavity 72 through a face 34 . 
The beam 52 , deflected by the dichroic mirror 33 , then impacts on 
the first face 21 of a nonlinear crystal 20, exiting therefrom 

10 through a second face 22 to be reflected by the face 37 of a 

bottom mirror 36. the mirror 30,33, 36 define an optical axis of 
the cavity 72, i.e. an optical axis 50 of propagation of the 
laser beam 52 at fundamental wavelength, the laser beam 52 thus 
oscillates in the cavity 72 from the pumping mirror 31, through 

is the dichroic mirror 33, to the bottom mirror 36, then again 
passing on the dichroic mirror 33, to the pumping mirror 31. 
During the oscillation, in the passage of the laser beam 52 to a 
frequency w through the nonlinear crystal 20, by second harmonic 
generation a visible beam 51 is generated with doubled frequency 

20 2a with respect to the frequency w of the infrared laser beam 52 , 
which projects through dichroic mirror 33, traversing its face 34 
and a face 35 oriented towards the exterior of the cavity 72 . 

The optical axis 50 of the infrared cavity 72, as is 
readily apparent from FIG. 1, therefore takes a "V" or "L" 

25 appearance according to the angle of incidence of the laser beam 
52 on the dichroic mirror 33, the incidence angle being able to 
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vary in a range between 0.1° and 80°. The optical axis 50 of the 
resonator 72 lies in a plane, relative to which are defined 
polarizations "p" and "s" of the laser beam 52 propagating in a 
parallel direction to the plane : "p" designates a polarization 
s direction parallel to the plane and perpendicular to the optical 
axis, "s" designates a direction perpendicular to "p" and 
perpendicular to the optical axis 50. 

The mirrors 30, 33, 36 of the cavity 72 preferably 
constitute separate optical elements from the crystals 10 and 20, 

10 to assure the best possible realization of the dielectric 

coatings, and the total alignment independence of the cavity 72 
relative to the alignment of the nonlinear crystal 20 for the 
phase matching. 

The mirrors 30, 33 and 36 have different functions, but 

is they share the characteristic that the faces 31, 34, 37 have very 
high reflectivity at the fundamental wavelength of the laser beam 
52 according to the polarization s. The fundamental operating 
wavelength of the laser is selected by appropriately choosing the 
dielectric coatings that constitute the faces 31, 34, 37 of the 

20 mirrors 30, 33, 36 and the faces 11, 12, 21, 22 of the crystals 
10 and 20. An optimal and achievable value of the faces 31, 34, 
37 of the mirrors 30, 33, 36 can be R > 99.95% using for example 
dielectric coatings obtained by sputtering techniques . The 
choice of such coatings allows to obtain, for a complete pass in 

25 the cavity of the laser beam 52 with polarization s, a total loss 
of only 0.2%. 
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The device 71 comprises a structural base 45 made of 
copper or other metallic or ceramic material with good heat 
conduction characteristics, whereon are constructed the remaining 
elements of the device 71; the side of the structure 45 
s underlying the laser cavity 72 is realized in the manner of a 

well polished plane to allow an excellent heat exchange with an 
element with regulated temperature, such as a Peltier cell with 
active temperature control or a thermoregulated water exchanger. 

The mirrors 30, 33 and 36 are mounted on respective 
10 supports 41, 42 and 44 which have good thermal contact with the 
structural base 45, so that the entire cavity 72 is a part of a 
same thermal circuit and temperature-stabilized: one thereby 
obtains a better mechanical stability and insensitivity to the 
misalignment caused by changes in external climatic conditions, 
is as well as a marked frequency stability of the cavity. 

Other desirable optical characteristics for the mirrors 

are: 

the pumping mirror 30 can have its reflecting face 31 
treated with an appropriate layer that is 

20 antiref lection at the pumping wavelength 

(typically 800-808 nm or 879 nm) and 
antireflection at one or more of the 
characteristic wavelengths of the laser crystal 
10, where the system has to operate at a 

25 wavelength disadvantageous in terms of stimulated 

emission cross -section: if, for instance, the 
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laser operates at 912 nm of fundamental 
wavelength, the pumping mirror 30 can be treated 
in such a way as to be antiref lection at 1064 and 
1340 nm to assure the extinction of the laser 
action and of the super- fluorescence of the 
wavelengths because these phenomena compete with 
gain; the pumping mirror 30 can have the face 31 
also with antiref lection treatment at the pump 
wavelength and/or at one or more wavelength of the 
active material whose resonance is to be 
prevented. One or both faces of the pumping 
mirror 30 can be planar or curved; in the 
construction of the apparatus, the face 31 is 
preferably concave, to produce a fundamental laser 
mode more, . focused in the nonlinear crystal 20 
than in the active material 10. The pumping 
mirror 30 serves as a launch window for the 
pumping beam 54 in the active crystal 10, and at 
the same time it is able totally to reflect the 
fundamental laser beam 52 . In a different 
embodiment, the pumping mirror 30 can be deposited 
directly onto the face of the active crystal 11, 
if this arrangement does not compromise the 
achievement of limited losses for the circulating 
radiation, for instance when pump power is limited 
within 5-10 W or if the active crystal 10 is not 



- 12 - 



23423 SN 10/554,161 AU 2828 



Substitute spec. 



very sensitive to thermal deformation, for example 
when Nd : YLF or other fluorides are used. In any 
case, this layer is required to have a 
reflectivity with characteristics equal to the one 
described above for a discrete element, 
the deflecting dichroic mirror 33 has the face 34 
provided with a coating that is also 
antiref lection with respect to the second harmonic 
51 , "p"polarized (parallel to the plane in which 
the optical axis lies) . The low reflectivity, 
e.g. R < 2%, at the frequency of the second 
harmonic allows to extract the visible beam 51 
generated in the crystal 20 by the cavity 72 
without the beam impinging on the active crystal 
10. The face 34 can also be antiref lection at one 
or more of the laser wavelengths whose resonance 
is not desired. The face 35 of the crystal 20 can 
be provided with a antiref lection layer for the 
second outgoing harmonic, p ! polarized. All 
dielectric coatings of the dichroic mirror 33 are 
constructed as a function of the exact angle of 
incidence, whereto it shall be positioned within a 
typical tolerance of +/-1°. The dichroic mirror 
33 can be constructed with one or both faces 
planar or curved; 
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the bottom mirror 36 is provided on the reflecting face 
37 with a dielectric layer that is highly 
reflecting also at the second harmonic (53) , "p" 
polarized (R > 99.8%), and possibly antiref lection 
s at laser wavelengths whose resonance is not 

desired. A rear face 38 of the bottom mirror 37 
can be provided with an antiref lection dielectric 
layer for the wavelength of the laser beam 52 
whose resonance is not desired. The bottom mirror 
10 36 can be constructed with one or both faces 

planar or curved. 
It is obviously possible to increase or decrease the 
number of mirrors or, in general, the number of optics present in 
the resonator 72 to obtain more compact or efficient cavity 
is designs, as long as the new elements introduce negligible optical 
losses. In a possible alternative embodiment, for example, only 
two mirrors may be used: a pump mirror, totally reflecting at the 
fundamental and second harmonic frequencies , and an output 
mirror, highly reflecting at the fundamental frequency and 
20 antiref lection for the second harmonic, allowing part of the 

second harmonic to traverse the active material before exiting 
the cavity. 

The length of the cavity 72, i.e. the propagation 
distance of the fundamental light between the pump mirror 30 and 
25 the bottom mirror 36 is such as to define a miniaturized cavity. 

In the remainder of the description, the expression "miniaturized 
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cavity" shall mean a cavity whose length does not exceed ten 
times the sum of the lengths of the crystals 10 and 20 included 
in the resonator 72 . 

Since the diffraction losses of a resonating frequency 
s generally grow as its length increases, the choice of a 

miniaturized cavity advantageously allows considerably to reduce 
the losses until reaching negligible values with respect to the 
other lossy elements of the resonator; moreover, the choice of a 
miniaturized cavity allows to obtain an extremely compact 

10 resonator with typical lengths of 5-10 cm and with a volume well 
below 50 cm 3 . These dimensions and volumes are comparable, for 
example, to those of a package of a number of electronic devices 
and cannot be found in the state of the art in a solid-state 
laser with discrete components and emission powers of around one 

is Watt or higher, characterized by structural robustness, and 

which, above all, can easily be sealed in an inert atmosphere, 
and temperature controlled. 

It should be specified that the expression "with 
discrete components" identifies a different cavity from laser 

20 micro-cavities obtained by integrated optics processes. 

The pump beam 54 is provided, as stated, with an 
external source 73, which can be constituted by an optical fibre 
coupled array of power laser diodes, and which is focused 
longitudinally in the active crystal 10 through an appropriate 

25 optics 39 positioned before the pump mirror 30. In an 

alternative implementation, the pump beam can come from a laser 
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diode source situated on the structural base 45 itself. The 
length of the cavity 72 is also chosen according to the dimension 
of the pump beam 54 in the active crystal 10, to increase the 
efficiency of the laser action at the fundamental wavelength by 
s means of an appropriate overlapping between the laser mode and 
the pump beam 54; preferably, the length, together with other 
parameters of the resonator 72 can be chosen to allow the 
operation of the laser in the TEM 0 0 mode, with a beam at the 
diffraction limit, to maximize the efficiency of the ICSHG 
10 process. 

In proximity to the pumping mirror 30 , and intersecting 
the optical cavity axis 50 and the direction of the pump beam 54 , 
is the laser crystal 10, which can be obtained from an Nd : GdV0 4 
crystal, cut according to the crystallographic axis a and 

15 oriented so that its crystallographic axis c coincides with the 
"s" polarization axis of the cavity 72. The laser crystal 10 
houses in a mount 40 made of copper or other heat conducting 
material, which in turn is anchored to the structural base 45 to 
assure a good transmission of heat. Between the crystal 10 and 

20 the mount 40, adapting layers of Indium foil or other heat 
conductor materials form an efficient thermal interface. 

The laser crystal 10 has the two faces 11 and 12 
perpendicular to the optical axis 50 of the cavity 72, optically 
machined and provided with a dielectric coating with the 

25 following properties : 
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the face 11 proximate to the pump mirror 30 is 
antiref lection at the fundamental infrared 
wavelength, with losses that should be lower than 
0.1% and preferably in the order of 0.05%, and 
s possibly with high transmission for the pump beam 

54 which, traversing the face 11, enters the laser 
crystal 10 pumping it longitudinally, 
the face 12 opposite to the face 11 is antiref lection 
at the fundamental infrared wavelength, with 
10 losses that should be lower than 0.1% and 

preferably in the order of 0 . 05% . 
In a preferred version of the laser apparatus according 
to the invention, the face 12 is antiref lection at the 
fundamental infrared wavelength, with losses that should be lower 
15 than 0.1% and preferably in the order of 0.05%, and possibly at 

high reflectivity for the pump beam 54 which, not wholly absorbed 
in the laser crystal, can be sent back to traverse the laser 
crystal 10 for a second absorption process along the pump channel 
obtained in the first passage. For this purpose, the laser 
20 crystal 10 must be oriented in the resonator with the face 12 

perpendicular or aligned within 2° to the direction of the pump 
beam 54, and the direction of the beam must overlap at the best 
the optical axis of the resonator 50 . 

In proximity to the bottom mirror 36 is positioned the 
25 nonlinear crystal 20, mediating of the ICSHG process. The 

material chosen for the nonlinear crystal 20 is an LBO, i.e. a 
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crystal of Lithium Triborate, LiB 3 0 5 , whose characteristics are 
known, for example, from the publication Chen et al, JOSA B, 6, 
1989, p. 616 et seq. the nonlinear crystal 20 is 10-15 mm long, 
cut for type I critical phase matching at the operating 
s wavelength of the laser device 71; instead of using the nonlinear 
material LBO, it is possible to utilize the nonlinear crystal 
YCOB or GdCOB, whose properties are compatible with those set out 
for Lithium Triborate. 

The faces 21 and 22 of the nonlinear crystal 20, 

10 positioned to intersect the optical cavity axis 50, are optically 
machined and both provided with a dielectric coating that is 
antiref lection at the fundamental infrared wavelength, with 
losses that should be lower than 0.1% and preferably in the order 
of 0 . 05% , and simultaneously antiref lective for the second 

is harmonic, with losses that should be lower than 0.5% and 
preferably in the order of 0.05%. 

The crystal 20 receives the laser beam 52 at the 
fundamental wavelength and "s" polarized, through the face 21 
and, only if it is angled correctly with respect to the cavity 

20 propagation axis 50 , can transform two infrared photons into a 
visible photon, achieving frequency duplication. The residual 
infrared radiation belonging to the laser beam 52 and the 
generated visible radiation 51 exit the nonlinear crystal 20 
through the face 22, and are both reflected, by the bottom mirror 

25 36, back into the interior of the crystal 20 along the outgoing 
path. In the nonlinear crystal 20, the conversion process 
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continues in the second passage through, at least partly 
stimulated coherently by the second harmonic generated at the 
first step. The infrared residue of the laser beam 52 and the 
visible beam 51 exit the face 22, and the visible beam 51 
s generated in the two passages is almost totally extracted from 

the cavity through the dichroic mirror 33. The infrared residue 
of the laser beam 52 is instead reflected by the dichroic mirror 
33 in the active crystal 10, to be amplified to the initial 
value . 

10 With the entire structure of the cavity 72 anchored at 

a predetermined temperature (with typical accuracy better than 0 . 
1°C with respect to the nominal set temperature or set point) , 
the nonlinear crystal 20 is oriented in cavity until the second 
harmonic conversion is maximized; since this orientation is 

15 sensitive to the temperature of the crystal, a mount 43 that 
houses the nonlinear crystal 20 of LiB 3 0 5 , made of a heat 
conducting material , such as copper , aluminum or others , and 
whereto the crystal 20 itself is fastened by means of thermal 
interface materials such as Indium foils or equivalent heat 

20 conductors, is fastened with a good thermal contact to the 

structural base 45 effectively stabilizing the temperature of the 
crystal 20 and locking it to the temperature of the base 45. As 
mentioned above, locking to the temperature of the base 45 an 
element, in particular the nonlinear crystal 20 through its mount 

25 43, means that the temperature profile of the nonlinear crystal 
20 is linked to that of the base and hence no independent 
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adjustments and independent heaters and/or coolers are necessary 
to obtain temperature stabilization. However, it is readily 
apparent that, depending on the heat resistance and capacity of 
the elements fastened to the base 45 the stabilized temperatures 
s reached may be different, even if their profile over time remains 
substantially correlated through the base 45. 

In the step of setting up the laser device 71, small 
variations of the temperature of the base 45 can be imposed, 
around the set point value, to further optimize the ICSHG 

10 process: with this operation, the small differential variation in 
the index of refraction with respect to temperature is exploited 
to obtain an even more accurate phase matching. As a result of 
this procedure, the entire cavity 72, including the elements of 
the resonator and the laser crystal, is thermostated at the 

15 temperature that guarantees the optimum ICSHG process. In this 
configuration, the laser system operates correctly only when the 
cavity 72 is thermostated at the predetermined temperature value. 

Alternatively, if the system requires different 
temperatures for the laser crystal and the nonlinear crystal, or 

20 the operating temperature of the nonlinear crystal 20 has to be 
regulated with better dynamic precision with respect to that of 
the base 45, the cavity structure can be altered by providing the 
nonlinear crystal 20 with an additional autonomous temperature 
regulating device, such as a heater or a Peltier cell that uses 

25 the base 45 of the system as a heat sink, and imposes a 

predetermined temperature differential with respect thereto. 
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Doubling the temperature sensors, respectively providing one for 
the nonlinear LBO crystal 20 alone and one for the base, it is 
thereby possible to keep locked the temperatures of the two 
crystals, active crystal 10 and nonlinear crystal 20, while 
s setting them to different values. 

The described laser cavity 72 is able to generate with 
great efficiency a visible laser beam; in particular, it is 
possible to transform more than 20% of the optical pump power 
into power of the visible laser beam. For example, 2.5 W of 
10 radiation at a wavelength of 670 nm (red) are generated using 9.2 
W of absorbed pump, and 4.5 W of radiation at a wavelength of 
532 nm (green) are generated using less than 20 W of absorbed 
pump. 

The choice of active materials such as Nd 3+ : GdV0 4 
is (Neodymium doped Gadolinium Orthovanadate , also called Nd: GVO) , 
Nd : YLF (Neodymium doped Yttrium and Lithium Fluoride) or 
possibly Nd YV0 4 (Neodymium doped Yttrium Orthovanadate) depends 
on the elements described hereafter, and more in particular, on 
the original and innovative method for selecting the active 
20 material according to the criterion of minimizing losses of 

thermal origin, while preserving high laser gain, because the 
thermal losses are the most important parasitic coupling 
component of the fundamental radiation. 

The aforementioned materials emit linearly polarized 
25 laser light; this element is fundamental, since only a precise 
linear polarization of the fundamental frequency undergoes the 
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SHG process in a non-linear crystal. A material with this 
characteristic does not require the insertion of a polarizer in 
cavity (thus providing no additional Fresnel losses) and above 
all it does not undergo any losses due to depolarization of 
s thermo-mechanical origin, as occurs, for example, with the use of 
Nd : YAG combined with a polarizer in cavity (thermal 
birefringence phenomenon) . 

Nd : GVO, Nd YLF and Nd : YVO have intense emission 
lines around 0.9, 1, 1 . 3 mm wavelength, suitable for generating 

10 blue, green and red light ICSHG, and are optimally transparent at 
the fundamental wavelengths (except in transitions around 
900 nm) , but discretely absorbent in several visible wavelengths, 
so it is preferable to separate the second harmonic by means of 
the dichroic mirror 33 before it reaches the laser crystal 10. 

15 Parasitic absorption phenomena are very limited for all 
fundamental transitions . 

Thus , the high laser gain materials , adequate for 
ICSHG, are particularly suitable to obtain a gain configuration 
with small thermal aberration for the cavity mode, for high 

20 absorbed pump powers . 

The phenomenon of the aberration losses associated with 
the "thermal lens" is well known and described in the literature. 
An active material that absorbs a pumping beam whose section is 
comparable to the section of the cavity mode, exhibits to the 

25 cavity mode propagation inside it a transverse profile of 

temperature and refraction index variation that is approximately 
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parabolic with approximately logarithmic tails. Whilst the 
parabolic component has the effect of a lens ("thermal lens") , 
the logarithmic component generates losses due to phase front 
aberration on the laser mode. The extent of these losses for 
s pump powers between a few Watts and tens of Watts is very large, 
and it can represent the greatest contribution of optical loss in 
the whole laser cavity for ICSHG. 

Applying recently developed mathematical models such as 
those described in the documents Y.F. Chen et al . , IEEE J. of 

10 Quantum Electron. 33,1424-1429, 1997, and Agnesi et al . in Opt. 
Comm. 212,371-376, 2002, it is possible to estimate the extent of 
the losses due to phase front aberration for several particularly 
interesting active materials such as, by way of non limiting 
example, Nd : YVO, Nd : GVO, Nd : YLF. FIG. 2 is an example of 

15 this estimation as the pump power absorbed in the crystal varies, 
and assuming in all three cases a crystal length of 9 mm with a 
total absorption of incident pump light of 90% (situation of 
equal thermal load per length unit) . 

The calculation formulated by way of example assumes a 

20 radius W p of the pumping beam of 0.3 mm and a dimension of the 
laser mode of 0.8 W p . It is readily apparent that the material 
with by far the smallest aberration losses is Nd : YLF whose 
practical use, however, is hampered by a low refraction index 
(which does not allow to confine effectively the pumping beam) , 

25 but above all by poor thermo-mechanical properties , which 

jeopardize its use with high absorbed pump powers. It has been 
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experimentally verified that numerical analysis instead tends to 
overestimate the behavior of Nd: GdV0 4 with respect to Nd : YV0 4 , 
traditionally used for ICHSG applications . Using these two 
materials in a comparison with equal experimental conditions, the 
s difference in the quantity of thermal aberration losses does not 
seem marked as predicted by numerical results. 

The very limited extent of the losses, shown in FIG. 2, 
presupposes the use of a reduced doping (about 0.3% at. Nd 3+ ) 
optimized to reduce phase front aberration losses; it is also 

10 observed that the extent of the losses closely depends on the 

employed parameters , and it can easily worsen even by one order 
of magnitude with an inappropriate selection of design 
parameters. When using a two-step pumping scheme (which allows, 
for equal crystal length and total absorbed power, to reduce Nd 3+ 

15 atomic doping) , very low absolute aberration losses can be 

obtained. FIG. 4 shows the dependence of heat aberration losses 
on the doping of the Nd: GdV0 4 crystal, for equal absorbed power 
(20 W) , in single and double pumping step (thus increasing the 
length of the crystal as doping decreases and, for each doping, 

20 halving it in the case of double step) . It is readily apparent 
that the decreased doping entails a considerable reduction in 
losses; the useful doping interval for Nd: GdV0 4 , and equally for 
Nd : YV0 4 , in this application ranges from about 0.05% to 0.6% 
at. Nd 3+ , according to the characteristics of the laser 

25 transition employed, and on the spatial quality of the pumping 
beam in use. 
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FIG. 6 shows that the extent of the dif tractive losses 
due, to thermal effects depends on the characteristics of 
overlapping of the oscillating laser mode with the pumping beam; 
in particular, the figure shows a qualitative profile for the Nd 
s : GVO and Nd : YLF crystal, with changes in the ratio between w g , 
Gaussian radius of the fundamental mode TEM 0 0 and W p0 , equivalent 
radius of the pumping focus, in the crystal; in the example, W p0 = 
0.3 mm, and absorbed pump power is 20 W. It is also readily 
apparent that the value of aberration losses of thermal origin 

10 undergone by the fundamental mode TEM 0 0 as it traverses the 
active material decreases as the value of W p0 increases ; 
experiments performed by the Applicant clearly show that, using 
the active material Nd: GdV0 4 , it is possible to exploit very low 
values of the ratio W g /W p0 (between 0.7 and 1) although the 

is resonator oscillates only on the fundamental mode TEM 0 0 . In the 
same conditions, the Nd: YV0 4 , characterized by a greater laser 
gain, produces a slightly multi -modal oscillation, less suitable 
for the ICSHG process. By enabling the efficient generation of a 
TEM 0 0 beam with a lower value of aberration losses, the use of Nd 

20 : GVO can be deemed advantageous with respect to the use of Nd : 
YVO in the apparatus of the invention. 

Knowing the characteristics of the pumping beam, it is 
possible to determine the pumping geometry, the type, length and 
doping of the active material, the optical structure and the 

25 length of the miniaturized cavity that minimize optical losses by 
thermal aberration. 
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If the pumping beam has high spatial quality or power 
lower than 10 W, instead of Nd: GdV0 4 and Nd: YV0 4 it is possible 
to use Nd YLF, reducing the total value of losses in the 
resonating cavity; it is also possible, in all cases, further 
s reduce thermal aberration losses, drastically reducing the heat 
deposited in the active material by the pumping beam, by using 
pump light with wavelength in the band 860-890 nm instead of the 
conventional band 790-820 nm; the heat dissipated in the crystal 
is mainly originated by the so-called"quantum defect", i.e. by 

10 the difference in energy between a pump photon and the laser 
photon that originates, which, used for non radiant energy 
transitions, is dispersed as heat inside the pumped region. The 
quantum defect for the transition to 1064 nm pumped at 808 nm is 
equal to 1-808/1064 = 0.24. Pumping at 879 nm, the defect is 

is reduced to 1-879/1064 = 0.17, i.e. about 70% of the previous 
case. 

FIGS. 3 and 5 (in comparison between the different 
materials and, in the case of Nd : GVO, with single or double 
pump step with variable doping) , show qualitative profiles of the 
20 thermal focal length of Nd : GdV0 4 , Nd : YLF and Nd : EV0 4 in 

multi-watt pumping conditions; the dioptric power of the thermal 
lens is in no case sufficient to compromise the stability of a 
miniaturized optical resonator. 

The choice of the nonlinear LBO material is based on 
25 the considerations set out below : 
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transparency is among the best ones available for a 

nonlinear crystal, and extends from wavelengths of 
160 nm to 2600 nm; this allows to minimize 
absorption losses inside the crystal, both for the 
fundamental frequency, and for the second 
harmonic, according to the main indication of the 
invention to minimize optical losses for the 
fundamental, wavelength and allowing the total 
extraction of the second harmonic generated; 

the properties of the material are excellent for the 

ICSHG process, with a high nonlinear coefficient, 
high angular acceptance and low walk-off, high 
damage threshold, high resistance to environmental 
factors (low hygroscopicity) , absence of 
photo -refractive damaging (essential for 
applications of high mean power in which otherwise 
advantageous crystals such as KTP are unreliable) , 
ability to obtain phase matching throughout the 
interesting spectrum of wavelength (from 0.55 to 
2.6 microns of wavelength of the fundamental) 
using type I phase matching, in which two 
fundamental photons polarized on one of the main 
axes of the crystal are converted into a second 
harmonic photon polarized in the perpendicular 
axis . 
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It is important to not that, although the LBO does not 
provide the best performance in absolute terms with the ICSHG 
process, it is perhaps the strongest nonlinear crystal for this 
type of application, and therefore it is the best choice for a 
s laser system that must provide long term reliability. 

An innovative element consists of the choice to employ, 
for all fundamental wavelengths of interest, the LBO crystal for 
the SHG process in the type I duplication scheme that is 
critical, i.e. dependent on the angle. The advantage is well 

10 known of employing, in an SHG process, a nonlinear crystal with 
phase matching that is not critical, i.e. does not depend on the 
angular distribution of the fundamental beam, and without 
walk-off, i.e. the spatial uncoupling between first and second 
harmonic in traversing the crystal, due to the bi-ref ringent 

is nature of the material. 

In these conditions , the fundamental beam can be 
strongly focused in the nonlinear material with such intensities 
as to make the conversion process high efficient; in addition, 
the length of the nonlinear material need not be subject to 

20 particular constraints, tied to the propagation of the 

fundamental. It is also known that in the LBO crystal, non 
critical type I phase matching at the main wavelengths of (by way 
of non limiting example) Nd: GdV0 4 of 912,1064 and 1340 nm can be 
obtained by bringing the crystal to the (approximate) 

25 temperatures of 250°C, 160°C, 0°C. 
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However, such temperatures require the presence in the 
cavity of a cell whose temperature is regulated at the above 
indicated values, thermally insulated (to minimize the heating 
effect of the surrounding components) , and, in the case of 0°C, 
s also sealed in a dry atmosphere to prevent the condensation of 

water vapor on the surfaces, this latter characteristic not being 
compatible with the obtainment of a compact resonator to limit 
optical losses, and of an energy- efficient system. 

It is instead proposed to employ, for all fundamental 

10 wavelengths of interest, an LBO crystal in type I critical phase 
matching condition, which can always be reached at room 
temperature, using a nonlinear crystal cut according to specific 
directions with respect to the crystallographic axes, based on 
the specified operating temperature. The walk-off phenomenon of 

15 the fundamental beam is greatly reduced through an appropriate 
selection of the size of the cavity mode inside the nonlinear 
crystal, so that the walk-off angle remains contained within the 
divergence of the beam. This necessarily entails that the length 
of the nonlinear crystal (and thus the quantity of total 

20 nonlinear effect) is chosen as a function of the desired 

focusing. With an accurate design of the resonating cavity and 
of the length of the LBO crystal, the efficiency of conversion 
into second harmonic can thus be made slightly lower than the one 
obtainable using an LBO crystal in non critical phase matching. 

25 The choice of a type I critical phase matching is 

particularly advantageous for fundamental wavelengths of between 
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1.2 and 1.4 micron: in this range, phase matching is 
spontaneously nearly non critical even at room temperature, with 
obvious advantages in the conversion process. 

The temperature-regulated base 45 serves a multiplicity 
s of essential functions for the efficient operation of the laser 
system, justifying its originality of construction. They can be 
summarized in the advantages described below. 

The temperature of the entire base, and of the seat of 
the LBO crystal, is determined a priori, and the LBO crystal in 

10 type I critical phase matching is aligned on the basis of the 
temperature, and kept at the correct operating temperature, 
within an error of 0.1°C or less (assuring the maximum second 
harmonic conversion efficiency) ; in particular, the temperature 
regulation process occurs in negative feedback, with a sensor 

15 (NTC, platinum probe or others) positioned in proximity to the 
LBO crystal itself. Small adjustments in the temperature set 
point allow to optimize the ICSHG once the crystal is aligned 
nearly optimally. 

The temperature -regulated base 45 removes the parasitic 

20 heat load inside the laser crystal. The laser crystal is mounted 
in a thermally conductive structure 40, so that the lateral 
surfaces of the material can be kept locked in temperature to the 
base. The thermal interface between the crystal and the base is 
assured by an appropriate adapting material such as Indium foil 

25 or the like. The base 45 removes from the laser crystal 10 the 
pump power that is absorbed and converted into heat through the 



- 30 - 



23423 SN 10/554,161 AU 2828 Substitute spec. 

thermal decay processes. The loss of fluorescence from the laser 
crystal is also reabsorbed by the walls of the structure, and 
removed as heat in the temperature -regulation process. When, in 
particular, the laser operates at wavelengths in the 800-950 nm 
s region, the lower energy level of the laser transition is located 
in the multiplet 4 I 9/2 comprising the energy ground state; 
consequently, the lower level of the transition is populated 
according to the absolute temperature of the material, with the 
emergence of losses due to laser light re-absorption in what is 

10 commonly called a "three-level quasi transition". In this case, 
it is beneficial to regulate the entire base 45 at a rather low 
temperature (e.g. 7 - 10°C) to reduce the losses due to the 
thermal population of the ground state; the LBO crystal is 
oriented for a correct phase matching at this temperature. 

15 Due to the energy- conservation principle, all the power 

delivered to the system, not transformed into light emitted by 
the cavity, is transformed into heat inside the system itself. 
The base 45 dissipates the heat, keeping the temperature of the 
components within it constant and as uniform as possible. 

20 The optical components of the cavity are fastened to 

the base with structures that conduct heat well : therefore, the 
cavity does not undergo any thermal expansion phenomenon with 
respect to the original regulation condition, with great 
advantage in the preservation of the general alignment of the 

25 resonator and also on the frequency stability of the laser 
emission. 
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Moreover, previous empirical observations show that the 
temperature regulation of the laser crystal and of the nonlinear 
crystal, together with a favorable alignment of the nonlinear 
crystal relative to the cavity axis, within the phase matching 
s angular tolerance, minimize the noise phenomena in the ICSHG 
process, with no need, for this purpose, to select a single 
longitudinal mode; in the apparatus of the invention, the 
thermally conductive base mutually locks the temperatures of the 
two crystals, i.e. laser crystal 10 and nonlinear crystal 20, 
10 with far better precision than in the case of an individual 
control of their respective temperatures . 

From the above description, the characteristics of the 
present invention are thus readily apparent, as are its 
advantages . 

is Advantageously, the described device generates laser 

beams whose power is in the order of, or exceeds, one Watt with 
great efficiency, exceeding 20% of optical/optical conversion, at 
wavelengths that potentially cover the entire visible spectrum 
from blue/violet to red. 

20 Moreover, advantageously the device generates the beams 

using a unified cavity structure, usable for all wavelengths of 
interest through the simple replacement of the optics and of the 
crystals as needed. To obtain a different wavelength, dielectric 
coatings can be replaced, i.e. the entire set of optics and 

25 crystals, although the optical materials remain unchanged (e.g. 
type I critical Nd: GVO+LBO) . 
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Additionally, advantageously, the described apparatus 
achieves full functionality with the synergetic use of a cavity 
with very low losses, miniaturized, sealed and completely 
thermos ta ted, of the active material Nd: GdV0 4 (or Nd : YLF or 
s Nd: YV0 4 ) , and of the nonlinear crystal LBO (or YCOB or GdCOB) 
with type I critical-phase matching. 

Clearly, numerous variants are possible, for those 
skilled in the art, to the diode-pumped laser apparatus for 
generating a visible power beam, of the type described as an 
10 example herein, without thereby departing from the principles of 
novelty inherent in the inventive idea, and clearly in its 
practical embodiment the forms of the illustrated details may be 
different, and the details may be replaced with technically 
equivalent elements. 
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